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Background of the Invention 

[0001] The invention relates to a cell test for detecting and identifying a shorted 
thyristor, such as a silicon controlled rectifier, using current transformers. 
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One of the known cell test methods for detecting shorted thyristors, such as 
silicon controlled rectifiers (SCR), is by gating each cell individually and monitoring the 
resulting shunt current or voltage level across an external motor circuit. If the current 
or voltage level of the voltage is above a threshold value, then a failed cell is 
identified. A look-up table may be used to assist in the identification of the shorted 
cell based on which cell is gated. 

However, there are various shortcomings to this technique. For example, when 
testing for a short using a shunt, variances in the motor circuit inductance and 
resistance will influence the shunt current level. As a result, too low a current signal 
level will result in a short not being detected, thus allowing the test to continue. Fuse 
failure can then result when paired cells are fired during the following open circuit 
test. Further, detection by voltage is sensitive to extraneous voltage spikes, i.e., 
ringing due to snubbers, and can result in a false detection occurring. The method of 
the invention addresses these and other problems with the known cell test techniques. 

Summary of the Invention 



[0004] 



In accordance with one aspect of the invention, a method is provided for 
determining a shorted thyristor cell in a bridge that supplies a load from a source, the 
bridge including a plurality of the thyristor cells. The method includes the step of 
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sequentially gating each of the cells to a conducting state, so that only one cell is 
gated at one time; providing at least one current transformer in the bridge; generating 
a current flow that passes through the bridge including the one cell that is gated; 
observing current in the at least one current transformer to determine a short in one 
of the cells the that is not gated; and determining a shorted cell based on the step of 
observing current in the at least one current transformer. 

[0005] In accordance with a further aspect of the invention, a method is provided for 

determining a shorted thyristor cell in a bridge that supplies a load from a source, the 
bridge including a plurality of the thyristor cells, the method including the steps of 
sequentially gating each of the cells to a conducting state, so that only one cell is 
gated at one time; providing at least one current transformer in the bridge, the at 
least one current transformer being placed on incoming lines to the bridge, the bridge 

Q 

~r supplying the load to a motor; generating a current flow that passes through the 

CP bridge including the one cell that is gated, and wherein the bridge further includes a 

y shunt, the shunt having a shunt current signal value, and wherein the current flow 

jjSS 

yz- that is generated is below the shunt current signal value; observing current in the at 

yj 

SJ least one current transformer to determine a short in one of the cells the that is not 

* gated; and determining a shorted cell based on the step of observing current in the at 

ItJ least one current transformer. 
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^ Brief Description of the Drawings 

[0006] The present invention can be more fully understood by reading the following 

detailed description together with the accompanying drawings, in which like reference 
indicators are used to designate like elements, and in which: 

[0007] Fig. 1 is a circuit diagram showing a shorted SCR cell detected with current 
transformers in accordance with one embodiment of the invention; 

[0008] Fig. 2 is a display window using a control system trend recorder showing a 
capture buffer trace illustrating a short detected by current transformers in 
accordance with one embodiment of the invention; 

[0009] Fig. 3 is a circuit diagram showing a shorted SCR cell detected with shunt current 
in accordance with one aspect of the invention; 
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[001 0] Fig. 4 is a display window using a control system trend recorder showing a 

capture buffer trace illustrating a short detected by shunt current in accordance with 
one aspect of the invention; 

[001 1] Fig. 5 is a display window using a control system trend recorder showing a 

capture buffer trace illustrating a short detected by voltage feedback in accordance 
with one aspect of the invention; and 

[001 2] Fig. 6 is a diagram showing line voltage and alpha firing angles for cells 1 F and 3F 
in accordance with one aspect of the invention. 

Detailed Description of the Invention 

[001 3] Hereinafter, aspects of detecting thyristors, such as shorted silicon controlled 

rectifiers, in accordance with various embodiments of the invention will be described. 
O As used herein, any term in the singular may be interpreted to be in the plural, and 

alternatively, any term in the plural may be interpreted to be in the singular, 

IB 

tjJ [0014] The method of detecting shorted silicon controlled rectifiers using current 
iU transformers of the invention is directed to the above stated problems, as well as 

^ other problems, that are present in conventional techniques. 
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[001 5] The foregoing description of various products, methods, and apparatus and their 
attendant disadvantages is in no way intended to limit the scope of the present 
invention, or to imply that the present invention does not include some or all of the 
various elements of the products, methods, and apparatus in one form or another. 
Indeed, various embodiments of the invention may be capable of overcoming some of 
the disadvantages noted herein, while still retaining some or all of the various 
elements of the products, methods, and apparatus in one form or another. 

[001 6] The method of the invention provides a robust technique for determining a 

shorted "cell" by limiting the current detection path to that which occurs within the 
bridge of the circuit in accordance with some embodiments. As used herein, the term 
"cell" means a thyristor and/or a thyristor cell. Illustratively, such a thyristor may be a 
silicon controlled rectifier (SCR). However, it should be appreciated that the system 
and method of the invention are not limited to SCRs. 
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[001 7] Further, the method of the invention utilizes the placement of current 

transformers on incoming lines to a bridge. The observed signal from the current 
transformers is rectified and scaled so that the signal level of the signal monitored is 
equivalent to that of the "shunt current signal value," i.e., the current signal level 
necessary for current to pass through the shunt under non-shorted conditions. 

The current transformers may detect current both within the bridge and also 
within the external motor circuit. In order to limit the detection to only the bridge 
path, the current through the shunt is also monitored. Current transformer detection 
occurs when the current transformer current is above the current transformer 
threshold level and the shunt current is below the shunt threshold level. A specific 
look-up table is utilized to identify the shorted cell by using the current transformers. 
It should be appreciated that the technique of the invention assumes that the phase 
rotation of the circuit is correct, and further, that the cells are wired correctly. 

It should also be appreciated that the method of the invention utilizing current 
transformers may also be utilized in conjunction with other known techniques for 
detecting shorted cells. That is, in order to provide redundancy, detection by the 
current transformer feedback method of the invention may be utilized in conjunction 
with shunt feedback, i.e., such that the failure of one type of test will still result in the 
shorted cell being detected and identified. In accordance with one embodiment of the 
method of the invention, if the current within the shunt is above the threshold level, 
the current transformer current detection is ignored and the look-up table for the 
shunt is used. However, if the current transformer current threshold level is reached 
and the shunt current is below the threshold level, the look-up table for the current 
transformer is used. Thus, by using both methods, shorted cells can be detected 
sooner than if either method was used alone. 

[0020] 

For example in Table 1 , discussed below, shorted cell 6F will be identified by the 
CT detection when CT_Data_Ptr has reached step 2 - but the cell test will have to 
continue firing until step 5 to be detected by shunt detection, thus completely missing 
the case where the bridge is experiencing higher short circuit current. This is 
beneficial in that fewer firings of the bridge occur under certain shorted conditions. 
Such quick detection may alleviate a variety of problems including stresses on fuses, 
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for example. Further, the redundancy utilized in conjunction with the invention also 
allows the more noise-sensitive voltage detection to be ignored. 

[0021 ] However, it should be appreciate that the technique of the invention utilizing 

current transformers may be used alone without the redundancy described above. For 
example, during a cell test should, for some reason, the shunt feedback be 
inoperative, the current transformer detection may still in most situations correctly 
identify the failed cell. This may be performed by setting the current transformer 
threshold level to a multiple of the shunt threshold level, when the motor inductance 
is much greater than the transformer inductance. 

[0022] In table 1 , discussed below, with CT.Data.Ptr at 1 , 2, or 3, detection by current 
transformers will identify shorted cells 1 F, 6F, and 2F (Column 3) and the test will be 
stopped and repeated before current flows in the external motor circuit. For cells 4F, 
3F, 5F (Column 3), with only CT detection, current will flow first through the external 
motor circuit and will be sensed by the CTS, but not identified as a shorted cell, as the 
level of current will be below the CT threshold. The cells will be identified as shorted 
later when CTData.Ptr is at 4, 5, or 6 and short circuit current is flowing. 

[0023] In accordance with one embodiment of the invention, Fig. 1 is a circuit diagram 
showing a circuit 1 00. More specifically, Fig. 1 illustrates a shorted SCR cell 1 1 2 
detected with current transformers in accordance with one embodiment of the 
invention. The circuit 1 00 includes a plurality of cells. These cells include a 1 F cell 
1 02, 2F cell 1 04, 3F cell 1 06, 4F cell 1 08, 5F cell 1 1 0, and the 6F cell 1 1 2. Further, 
Fig. 1 shows the cell firing order of each of the cells (1 02 - 1 1 2). 

[0024] With further reference to Fig. 1 , the circuit 1 00 also includes a current transformer 
CT1 1 1 4 and a current transformer CT2 1 1 6. Additionally, the circuit 1 00 includes a 
contactor 1 20, a motor circuit 1 22, and a shunt 1 24. A plurality of fuses are also 
utilized in the circuit 1 00 including fuses 1 30, 1 32, 1 34 and 1 36. Further, the circuit 
100 includes the three phase transformer secondary windings (140, 142, 144). 

[0025] 

In accordance with the method of one embodiment of the invention, one particular 
cell is gated in order to test the status of a corresponding cell. This relationship 
between corresponding cells is shown in Table 1 , which is a look-up table to 
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determine a shorted cell, based on which cell is gated. That is, the look-up table is 
used to correlate which cell is undergoing test based on which cell is gated. 
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Column 1 


Column 2 


Column 3 


Column 4 






Cell Under 




CT_Data_Ptr 


Cell 


Test 


Cell Under Test 




Gated 


(CT Detect) 


(Motor Circuit) 


1 


2F 


IF 


4F 


2 


4F 


6F 


3F 


3 


3F 


2F 


5F 


4 


5F 


4F 


IF 


5 


IF 


3F 


6F 


6 


6F 


5F 


2F 



Table 1 - Look-up Table to Determine Shorted Cell 

Table 1 shows the respective look-up values as set out in column 1. As shown in 
column 1 , the Cell test data pointer (CT_Data_Ptr) value indicates each step of the cell 
gate firing sequence. With each step, this pointer is indexed by one. Further, column 2 
shows the particular cell that may be gated. Columns 3 and 4 contain the cells that are 
tested, based on which detection method is used, and the correlation of those cells to 
the cell that is gated. Specifically, column 3 includes the look-up table values for "cell 
under test" if current transformers are used. Further, column 4 includes the look-up 
table values for "cell under test" if the test is performed by monitoring the current or 
voltage in the external motor circuit. 

[0028] To further explain, and with reference to Table 1 , if cell 2F is gated on and current 
transformer detection is utilized, then the cell being tested, as a result of the gating of 
cell 2F, is cell 1 , i.e., based on columns 2 and 3 of Table 1 . In a similar manner, if cell 
4F in column 2 is gated on and the current transformer detection technique of the 
invention is utilized, then the cell under test is cell 6F in column 3. 



[0029] 



Alternatively, these cells may also be tested by monitoring the current or voltage 
in the external motor circuit. In this situation, and with further reference to Table 1 , if 
cell 2F is gated on then the cell under test is cell 4F, i.e., based on columns 2 and 4 in 
Table 1 . In a similar manner, if current, or alternatively the voltage, in the external 
motor circuit is monitored, the gating of cell 1 F in column 2 corresponds to the 
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testing of cell 6F in column 4. It should be appreciated that the method of the 
invention provides various advantages. Such advantages include, for example, that 
current transformer detection is not limited by external motor parameters. Further, 
current transformer detection has a better signal to noise ratio. That is, with a shorted 
cell, the internal bridge current level, i.e., the shorted transformer secondary, is 
generally much greater than that flowing through the external motor circuit. 

[0030] A further advantage is that current transformer detection of the invention provides 
redundancy when used with shunt detection. Further, the short circuit test is not 
sensitive to voltage noise when voltage detection is ignored for bridges having current 
transformers. 

A further advantage is provided by utilizing the above-described redundancy. 
Specifically, when both current transformer detection and shunt detection are utilized, 
fewer cell firings are needed to diagnose a shorted cell. This results in reducing 
stresses on fuses, for example. As illustrated in Fig. 1 , 6F cell 11 2 is shorted. 
Referring to Table 1 above, the gating of 4F cell 1 08 will place 6F cell 1 1 2 under test 
when using the current transformer detection of the invention. As a result, when 4F 
cell 1 08 is gated on, current due to the shorted cell will flow resulting in the 
identification of 6F cell 1 1 2 as being shorted. To further explain, when 4F cell 1 08 is 
gated on, and the transformer secondary voltage R3 is greater than R1 , current will 
flow from R3, through fuse FU3 1 36 and then through current transformer CT2 1 16. 
The flow of current will then continue through the shorted cell 6F 1 1 2, cell 4F 1 08, 
current transformer CT1 1 1 4 and fuse FU1 1 32 back to R1 . This flow of current is 
illustrated by the heavy line of Fig. 1 . 

[0032] In accordance with the illustrative embodiment of the invention shown in Fig. 1 , 
for clarity, current is not shown passing through shunt 124. Any extraneous current 
flowing through the shunt is below the threshold level set. Accordingly, current 
passing through the shunt is not utilized in the detecting of the shorted 6F cell 1 12. 

[0033] Fig. 2 is a display window using a suitable control system trend recorder showing 
a capture buffer trace illustrating a short detected by current transformers in 
accordance with one embodiment of the invention. The signals shown in Fig. 2, as well 
as those signals shown in Figs. 4 and 5 discussed below, are shown in Table 2. Also 
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for purposes of explanation, Table 2 includes illustrative sensors that might be used 
to monitor the signals (202-208). 



[0034] 



[tl] 



Number 


Signal Name 


Description 


Sensor Used 


202 


CT_Data_Ptr 


Cell test step sequence 


Internal software 


204 


AC Line Current Mag 


Rectified and scaled CT 
current 


Current Transformer 


205 


Vac 


Bridge incoming voltage 
phase A and C 


Voltage attenuator & VCO 


206 


Vbrg 


Bridge DC output 
voltage 


Voltage attenuator & VCO 


208 


Bridge Current Fbk 


Shunt DC current 


Shunt 



jS-JL 

m 

IZZt 3 



Table 2 

[0035] The capture buffer trace of Fig. 2 was taken when running a cell test on a bridge 
with 6F cell 1 1 2 being physically shorted. Illustratively, the transformer and motor 
data in the circuit is shown in Table 3 below. Further, the short circuit test alpha firing 
angle is 103 degrees, in this illustrative example. 



[0036] 



[t2] 



Transformer Data 


Motor Data 


1000 KVA 
5.69 % 
4160 Volt/ 480 VoltY 


41.8 Amp 
500 Volt 



Table 3 



[0037] 



As shown in Fig. 2, the current transformer detected a short with cell 6F 1 1 2. It 
should be appreciated that the bridge shunt current feedback 208 and bridge voltage 
feedback 206 signals have been disabled for the test as depicted in Fig. 2. As shown 
in Fig. 2, the left scale 232 is the bridge current feedback 208 in Amps DC. Further, 
the right hand scale 234 is AC line current magnitude 204 in Amps DC. Also, the 
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horizontal scale in Fig. 2 shows the progression of time. 

[0038] The current transformer signal, i.e., the AC line magnitude 204, is a rectified and 
scaled signal so that the direct current signal level is equivalent to the shunt current 
under non shorted conditions. The steps (222, 224) in the display 200 as shown in 
Fig. 2 indicate each step of the cell firing sequence. As described above in conjunction 
with Table 1 , the identification of which cell is gated corresponds to the testing of a 
particular cell. Accordingly, step two (222, 224) of CT.Data.Ptr 202 as shown in Fig. 2 
corresponds to 4F cell 1 08 being gated. It should be appreciated that the cell test as 
illustrated in Fig. 2 may be repeated to ensure that similar test results are obtained. 
Accordingly, Fig. 2 illustrates step 2 being repeated, i.e., step two (222, 224). As may 
be observed from Fig. 2, note the high current magnitude 204 and the distortion of 
the incoming Vac 205 at this point that corresponds to the step two (222, 224) 

O locations. 

fit 

fn 

^ [0039] In order to more fully understand the method of the present invention, hereinafter 
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further aspects of detecting shorts in cells will be described. As noted above, it should 
be appreciated that the technique utilizing current transformers in accordance with 
embodiments of the invention may also be utilized in conjunction with other 
techniques for determining shorts. Specifically, hereinafter shunt and voltage 
feedback detection will be described. 



3 [0040] In accordance with one embodiment of the invention, Fig. 3 is a circuit diagram 
showing a circuit 300. The circuit diagram of Fig. 3 shows a shorted SCR cell 312 
detected with shunt current. The circuit 300 includes a plurality of cells. The cells 
include a IF cell 302, 2F cell 304, 3F cell 306, 4F cell 308, 5F cell 310, and the 6F cell 
312. Further, Fig. 3 shows the cell firing order of each of the cells (302 - 312). 

[0041] With further reference to Fig. 3, the circuit 300 also includes a current transformer 
CT1 314, and a current transformer CT2 31 6. Additionally, the circuit 300 includes a 
contactor 320, a motor circuit 322, and a shunt 324. A plurality of fuses are also 
utilized in the circuit 300 including fuses 330, 332, 334 and 336. Further, the circuit 
300 includes the three phase transformer secondary windings (340, 342, 344). 



[0042] 



The circuit diagram of Fig. 3 shows detection by shunt current with 6F cell 3 1 2 
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being shorted. With further reference to Table 1 above, the gating of 1 F cell 302 
corresponds to testing 6F cell 312. Accordingly, the 1 F cell 302 may be gated on such 
that the transformer secondary voltage Rl is greater than R3. As a result of the 
transformer secondary voltage Rl being greater than R3, current will flow from Rl 
through fuse FU1 332, and current transformer CT1 314. Then the current will flow 
through 1 F cell 302, fuse FU4 330 into the contactor 320. Thereafter, the current will 
pass through the shunt 324, the motor circuit 322, and through the shorted 6F cell 
312. Thereafter, the current will pass through the current transformer CT2 316. 
Further, the current will flow through fuse FU3 336 and back to R3 342. This current 
flow is shown by the heavy line of Fig. 3. 

[0043] This current flow of Fig. 3, which is indicative of a shorted 6F cell 312, is 

illustrated in the capture buffer trace shown in Fig. 4 using a control system trend 
G recorder. That is, Fig. 4 is a display 400 showing the short of 6F cell 31 2, as detected 

m by shunt current. It should be appreciated that for the test as illustrated by Fig. 4, 

DO 

f "s current transformer detection and voltage feedback detection have been disabled. As 

=P shown in Fig. 4, the left scale 432 is the bridge current feedback 208 in Amps DC. 



VI Further, the right hand scale 434 is AC line current magnitude 204 in Amps - DC, 

3 which is generally zero (0) during the test of Fig. 4. 

pj [0044] Illustratively, the transformer and motor data for the test depicted in Fig. 4 may be 

*y as shown in Table 3 above. Further, the short circuit test alpha firing angle is 1 03 

O 

L- degrees, in this illustrative example. 



[0045] 



Further, the steps (402, 404) in Fig. 4 indicate which cell pair is being gated. 
Accordingly, and with further reference to Table 1 , the steps five (402, 404) of CT- 
Data.Ptr 202 correspond to the gating of 1 F cell 302 in order to test cell 6F 31 2 using 
the shunt detection (motor circuit). As may be observed from Fig. 4, the AC incoming 
wave VAC 205 is distorted where the shorted cell current path is through the bridge at 
Step 2 of CT.Data.Ptr 202. A small amount of current is detected at this point through 
the shunt 208, i.e., below threshold level of the shunt, due to the drop across the 
cells. The shunt detection of the shorted cell does not occur at step 2 as shown in Fig. 
4, but occurs later in step five 402 of CT_Data_Ptr 202 when current flows through the 
motor circuit. Note that the current flowing through the motor circuit current at step 



App_ID=09683437 



Page 10 of 24 



five is of lower magnitude than that which would have been observed at step 2 if the 
current transformer detection had been enabled to detect bridge short circuit current, 
i.e., see Fig. 2 AC line current mag 204. 



[0046] Aspects of the current flow of Fig. 3, which is indicative of a shorted 6F cell 3 1 2, 
are further illustrated in the capture buffer trace shown in Fig. 5 using a suitable 
control system trend recorder. That is, Fig. 5 is a display 500 showing the short of 6F 
cell 31 2, as detected by voltage feedback. It should be appreciated that for the test as 
illustrated by Fig. 5, current transformer detection and the shunt feedback detection 
have been disabled. As shown in Fig. 5, the left scale 532 is the Vac 205 in Volts-AC. 
Further, the right hand scale 534 is Vbrg 206 in Volts-DC. 

[0047] Illustratively, the transformer and motor data for the test depicted in Fig. 5 may be 
as shown in Table 3 above. Further, the short circuit test alpha firing angle may also 
be 103 degrees, in this illustrative example. 

[0048] Further, the steps (502, 504) in Fig. 5 indicate which cell is being gated. 

Accordingly, and with further reference to Table 1 , step five (502, 504) corresponds to 
the gating of IF cell 302, in order to test 6F cell 312. As may be observed from Fig. 5, 
the DC bridge output voltage Vbrg 206 is distorted where the shorted cell current 
path is through the bridge, step 2 of CT_Data_Ptr 202. Note that additional noise 
voltage spikes are generated in the DC bridge voltage Vbrg 206 during the test due to 
ringing of the cells, for example. 

[0049] Hereinafter, determination of table values will be described. In a normal operating 
condition, cells are gated on in pairs. For the short circuit cell test, cells are fired on 
one at a time. The gated cell fires at the time the following paired cell in firing 
sequence order would normally be activated, i.e., the cell under test. For example in 
Fig. 3, 1 F cell 302 would be gated on at the time the following cell under test (cell 
312) is normally activated. Should current above the threshold level be observed in 
the shunt, the cell under test would be considered shorted. (See Table 1). The alpha 
firing angle of the gated cell is limited to no smaller than 65 degrees, for example, 
and is normally set to a larger firing angle to minimize the current flow should the cell 
under test be shorted. 
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[0050] 



Using the same gate firing arrangement as above, a shorted cell can also be 



determined using current transformers in the method of the invention. During cell 
test, if one of the two cells gated on is in the upper or lower bridge with the shorted 
cell, then large bridge currents can flow as the transformer secondary winding is 
shorted when the cell is gated on. This is shown in Fig. 1 and described above. The 
magnitude of the current depends on when the cell is gated on relative to the 
incoming voltage, the alpha firing angle of the gated cell and the impedance of the 
transformer and cables. Detection of current above the threshold level in the CTS and 
not in the shunt would indicate a shorted 6F cell 1 1 2. In Fig. 1 , short circuit current in 
the bridge will flow when 4F cell 1 08 is gated on, not when 5F cell 1 1 0 is gated on. 
Further, 4F cell 1 08 is gated on at the time its paired 3F cell 1 06 (next in firing order) 
is gated on. As voltage R3-R1 1 42-140 is positive during this time (see Fig. 6 which is 
a diagram showing line voltage and alpha firing angles for cells 1 F and 3F) short 
circuit current will flow. The 5F cell 1 1 0 is gated on at the time its paired 1 F cell 1 02 
(next in firing order) is gated on (see Fig 6). Voltage R3-R2 142-144 must be positive 
at this time for current to flow through, 5F cell 1 1 0. It is negative so short circuit 
current does not flow. The other values in the table for current in the bridge (CT 
detect) and motor circuit (shunt detect) were determined accordingly. 

[0051] As described herein, the method of the invention provides for determining a 
shorted thyristor, such as a silicon controlled rectifier (SCR) cell, in a bridge that 
supplies a load. The bridge contains a plurality of cells. The method includes the steps 
of sequentially gating one cell at a time to a conducting state, and generating a 
current that flows through the bridge including the one cell that is gated and the 
shorted cell. It should be appreciated that the source as described above may be a 
single phase source or a three phase source, for example. The source may be a 
suitable transformer arrangement. If using a single phase source, the method of the 
invention may use one current transformer by which to detect the shorted cell. 
However, if a three phase source is utilized, for example, the method of the invention 
uses two transformers for the three phase source to identify the shorted cell. 

[0052] j t wj || k e reac jj|y understood by those persons skilled in the art that the present 
invention is susceptible to broad utility and application. Many embodiments and 
adaptations of the present invention other than those herein described, as well as 
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many variations, modifications and equivalent arrangements, will be apparent from or 
reasonably suggested by the present invention and foregoing description thereof, 
without departing from the substance or scope of the invention. 

[0053] Accordingly, while the present invention has been described here in detail in 
relation to its exemplary embodiments, it is to be understood that this disclosure, 
which includes the attachments, is only illustrative and exemplary of the present 
invention and is made to provide an enabling disclosure of the invention. Accordingly, 
the foregoing disclosure is not intended to be construed or to limit the present 
invention or otherwise to exclude any other such embodiments, adaptations, 
variations, modifications and equivalent arrangements. 
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